Neuronal hyperexcitability occurs early in the pathogenesis of Alzheimer's disease (AD) and contributes to network dysfunction in AD patients. In other disorders with neuronal hyperexcitability, dysfunction in the dendrites often contributes, but dendritic excitability has not been directly examined in AD models. We used dendritic patch-clamp recordings to measure dendritic excitability in the CA1 region of the hippocampus. We found that dendrites, more so than somata, of hippocampal neurons were hyperexcitable in mice overexpressing A␤. This dendritic hyperexcitability was associated with depletion of Kv4.2, a dendritic potassium channel important for regulating dendritic excitability and synaptic plasticity. The antiepileptic drug, levetiracetam, blocked Kv4.2 depletion. Tau was required, as crossing with tau knock-out mice also prevented both Kv4.2 depletion and dendritic hyperexcitability. Dendritic hyperexcitability induced by Kv4.2 deficiency exacerbated behavioral deficits and increased epileptiform activity in hAPP mice. We conclude that increased dendritic excitability, associated with changes in dendritic ion channels including Kv4.2, may contribute to neuronal dysfunction in early stages AD.
Introduction
The incidence of Alzheimer's disease (AD) is increasing with the aging population, and an astonishing 5.2 million Americans are affected by AD, the most common cause of dementia. Dysregulation of neuronal excitability plays an important role in the pathogenesis of AD. Although neuronal activity declines in the later stages of AD, a variety of evidence indicates that it is increased in the early stages of the disease. The hippocampus is hyperactive in functional imaging studies of patients in the mild cognitive impairment stage of AD (Dickerson et al., 2005) , the earliest symptomatic stage, and even in the asymptomatic preclinical stage of AD (Reiman et al., 2012) . Cortical neurons in early AD patients are hyperexcitable by transcranial magnetic stimulation (Olazarán et al., 2010) . Seizures and subclinical epileptiform activity are also more frequent in early AD stages, including mild cognitive impairment (Palop and Mucke, 2009; Vossel et al., 2013) .
The cellular basis of AD-related neuronal hyperexcitability is unclear, but many features are replicated in mouse models, enabling mechanistic studies (Hall and Roberson, 2012) . For example, electrophysiological recordings of spontaneous activity onto hippocampal neurons show excitation/inhibition imbalance, with a shift toward more excitatory activity . In vivo imaging of neuronal activity patterns confirms early increases in hippocampal neuron firing attributable to soluble A␤ (Busche et al., 2012) . And many mouse models of AD also show subclinical epileptiform activity and corresponding hallmarks of compensatory remodeling, such as interneuron sprouting and depletion of calbindin (Palop et al., 2003; .
Dendritic excitability has important effects on synaptic plasticity, and abnormal dendritic excitability contributes to many neurological disorders (Nestor and Hoffman, 2012) . For example, aberrant dendritic morphology and/or alterations in dendritic ion channels contribute to dendritic hyperexcitability and thus improper integration of synaptic signals in mouse models of Fragile X syndrome, Rett syndrome, autism, and epilepsy (Nestor and Hoffman, 2012) . Therefore, we asked whether AD-related neuronal hyperexcitability could involve changes in dendritic excitability.
Materials and Methods
Mice. The hAPPJ20 and hAPPJ9 lines overexpress an hAPP minigene with Swedish (K670M/N671L) and Indiana (V717F) mutations under control of the PDGF promoter, with higher levels in the hAPPJ20 line than in hAPPJ9 (Mucke et al., 2000) . Both of these lines were on a con-genic C57BL/6J background (Ͼ15 backcrosses). hAPPJ20 mice were crossed with Tau Ϫ/Ϫ mice (Dawson et al., 2001) , also on a congenic C57BL/6J background (Ͼ15 backcrosses). Kv4.2 Ϫ/Ϫ mice (Guo et al., 2005) were on a congenic 129SvEv background. The hAPPJ9/Kv4.2 Ϫ/Ϫ cross was thus on C57BL/6J/129SvEv mixed background. APPswe/ PS1dE9 double-transgenic mice (Jankowsky et al., 2001 (Jankowsky et al., , 2004 were originally obtained from the The Jackson Laboratory (stock #004462) and express a chimeric mouse/human APP transgene that contains the Swedish mutations (K595N/M596L) and a mutant human PS1 transgene carrying the deleted exon 9 variant under control of mouse prion promoter elements. These mice were backcrossed Ͼ12 generations to the C57BL/6 background.
Male and female mice were used for all experiments, except for the first cohort of hAPPJ20 mice for dendritic patch-clamp (see Fig. 1 ) and for the experiments with hAPPswe/PS1dE9 mice (see Fig. 2E ), which were all male. Mice were kept on a 12 h light/12 h dark cycle and had ad libitum access to food and water. The studies were approved by the Institutional Animal Care and Use Committees of the University of Alabama at Birmingham and the National Institute of Child Health and Human Development, and were conducted in compliance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals.
Electrophysiology. Experimenters were blind to genotype for all electrophysiological data acquisition and analysis.
For recordings from CA1 pyramidal neurons, mice were anesthetized with isoflurane, transcardially perfused with oxygenated cutting solution, and decapitated. Perfusion and cutting stock solution contained the following (in mM): 2.5 KCl, 1.25 NaH 2 PO 4 , 28 NaHCO 3 , 7 dextrose, 0.5 CaCl 2 , and 7 MgCl 2 , to which 235 sucrose, 1 ascorbic acid, and 3 sodium pyruvate were added immediately before use, pH 7.3. Transverse hippocampal slices (250 m thick) were prepared using a vibratome (Leica VT1200S) and incubated in ACSF for 30 min at 37°C before being transferred to room temperature. ACSF contained the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 25 NaHCO 3 , 25 dextrose, 2 CaCl 2 , and 1 MgCl 2 , pH 7.3. Ascorbic acid (1 mM) and sodium pyruvate (3 mM) were added to the incubating solution immediately before use.
Slices were transferred to the recording chamber with warmed (31°C-33°C), oxygenated ACSF. DNQX (10 M), D-AP5 (50 M), and bicuculline (20 M) were added to the ACSF to block ligand-gated channels for all recordings. CA1 pyramidal neuron cell bodies and primary apical dendrites were visualized using a Zeiss Axioskop 2 FS plus microscope fit with differential interference contrast optics (Carl Zeiss). Patch pipettes were pulled from borosilicate filaments (3-5 M⍀ for soma, 10 -12 M⍀ for dendrite) and filled with internal solution containing the following (in mM): 20 KCl, 125 K-gluconate, 10 HEPES, 4 NaCl, 0.5 EGTA, 4 Mg-ATP, 0.3 Tris-GTP, and 10 phosphocreatine, pH 7.2. All neurons had resting membrane potentials between Ϫ60 and Ϫ75 mV. Series resistances ranged from 6 to 15 M⍀ and from 15 to 35 M⍀ for somatic and dendritic recordings, respectively, and were monitored throughout the experiments. All recordings were made using a Multiclamp 700B amplifier and Clampex 10.2 software. Signals were digitized at 10 kHz with a Digidata 1440A and filtered at 10 kHz for recordings of back-propagating action potentials (APs) and 50 kHz for recordings of firing properties. All recordings were analyzed using IGOR Pro (WaveMetrics).
Single back-propagating APs measured in the soma and primary apical dendrite were stimulated every 5 s for 10 sweeps by a 0.2 ms constant current pulse through a stimulus isolator (WPI, A385) using bipolar glass-stimulating electrodes placed in the alveus. Minimal stimulation to reliably elicit back-propagating APs was used. Series resistance was monitored using a 100 ms, 20 mV hyperpolarizing step 1 s before stimulation. The maximum back-propagating AP amplitude was calculated from the resting potential for each sweep and averaged together for each cell.
Somatic properties were recorded using a 1 s current injection starting with a Ϫ200 pA sweep increasing to 200 pA in 20 pA steps with 8 s between sweeps. Neurons were held at Ϫ65 mV, and series resistance was monitored between each trial. Three trials were recorded per cell, and the results were averaged by cell. Input resistance was calculated from the slope of the IV curve between Ϫ20 and 20 pA. Firing properties (number of spikes, threshold, after-hyperpolarization potential [AHP], etc.) were calculated from the first AP during the 200 pA current injection. Threshold was defined as the point when the slope reached 10 mV/ms. Time to onset was the time between initiating the current injection and threshold. Maximum AHP and amplitude of APs were measured relative to threshold, and spike half-width was measured at 50% maximum amplitude.
For recordings from dentate granule cells, mice were anesthetized and perfused transcardially with ice-cold modified ACSF containing the following (in mM): 110 choline chloride, 26 D-glucose, 2.5 MgCl 2 , 2.5 KCl, 1.25 Na 2 PO 4 , 0.5 CaCl 2 , 1.3 sodium ascorbate, 3 sodium pyruvate, and 25 NaHCO 3 , bubbled with 95% O 2 /5% CO 2 . The brain was removed, and 350-m-thick hippocampal slices were prepared using a vibratome (Vibratome 3000EP). Slices were incubated at 37°C for ϳ30 min in recording solution containing the following (in mM): 125 NaCl, 2. Somatic firing properties were calculated from the first AP elicited upon a 1 S, 200 pA current injection in whole-cell current-clamp recordings from the soma of NTG and hAPPJ20 mice. No significant differences were found between genotypes. Neurons were held at Ϫ65 mV, and series resistance was monitored between each trial. Three trials were recorded per cell, and the results were averaged by cell. Threshold was defined as the point when the slope reached 10 mV/ms. AP onset was the time between initiating the current injection and threshold. Maximum AHP and peak AP amplitude were measured relative to threshold, and AP half-width was measured at 50% maximum amplitude. AP number is the total number of APs elicited by the current injection.
following (in mM): 129 K-gluconate, 20 KCl, 10 HEPES, 10 1,2-bis(2-aminophenoxy)ethane-N, N,NЈ,NЈ-tetraacetic acid, 2 MgCl 2 , 2 Na 2 -ATP, 2 glutathione (reduced or oxidized form), pH 7.3. All recordings were done at 22°C. Series resistance was uncompensated (10 -25 M⍀), and experiments were discarded if substantial changes (Ͼ15%) were observed.
Immunoblots. Saline-perfused mouse brains were stored at 80°C and then thawed, and hemibrains were chopped into 450 m slices (McIlwain tissue chopper); brain regions were microdissected. Tissue was homogenized in a lysis buffer (50 mM Tris base, 150 mM NaCl, 0.5% sodium deoxycholate, 5 mM EDTA, 1 mM DTT, 0.1% Triton X-100), protease inhibitors (Halt), and phosphatase inhibitors (Sigma). Samples were placed in sample buffer and DTT and were heated for 10 min at 70°C, then separated in reducing NuPAGE gels (Life Technologies) and transferred to PVDF Immobilon-FL membrane (Millipore). Membranes were incubated with primary antibody (Kv4.2, 1:2000 from Alomone Labs; ␣-tubulin, 1:2000 from Sigma; HCN1, 1:3000 DMC51.1; HCN2, 1:2000 DMC52.2 gifts from Dr. Dane Chetkovich, Northwestern University Medical School, Chicago, IL). Membranes were incubated with fluorescent secondary antibody (LI-COR) at 1:20,000 for 1 h at room temperature, scanned by Odyssey Imager (LI-COR), and analyzed using Odyssey Imager software. For hAPPswe/PS1dE9 experiments, mice were perfused Figure 2. Kv4.2 is depleted in hippocampal regions in hAPPJ20 mice. A, Immunoblots for dendritic ion channels in area CA1. Kv4.2 was decreased in hAPPJ20 mice (ANOVA: hAPP ϫ channel interaction, p Ͻ 0.05). ***p Ͻ 0.0001 ( post hoc test; age 4.5-7 months). B, Immunoblots for dendritic ion channels in dentate gyrus. Kv4.2 was decreased in hAPPJ20 mice (ANOVA: hAPP ϫ channel interaction, p Ͻ 0.05). ***p Ͻ 0.0001 ( post hoc test; age 4.5-7 months). C, Kv4.2 mRNA levels were decreased in area CA1 and DG of hAPPJ20 mice. *p Ͻ 0.05 (one-tailed t test). ***p Ͻ 0.0001 (one-tailed t test; age 4.5-7 months). D, Kv4.2 levels were unchanged in cortex in hAPPJ20 mice. EC, Entorhinal cortex; SOM, somatosensory cortex; MOT, motor cortex (age 4.5-7 months). E, Kv4.2 was depleted in the hippocampus of hAPPswe/PS1dE9 mice by immunoblot. *p Ͻ 0.05 (t test; age 6 months).
with PBS and the hippocampus extracted. The hippocampus was homogenized in carbonate buffer (100 mM Na 2 CO 3 , 50 mM NaCl, pH 11.5. 2ϫ lysis buffer, 75 mM NaCl, 75 mM Tris-HCl, pH 6.8, 15% glycerol, 3% SDS) and samples were triturated 10 times with a 25 G needle. Lysates were then centrifuged at 14,000 rpm for 30 min at 4°C. Supernatants were collected and separated by SDS-PAGE. After transfer, membranes were probed with primary antibody for Kv4.2 (1:2000 from Sigma P0233) as outlined above.
Immunohistochemistry. Saline-perfused brains were fixed for 24 h in 4% PFA and then sectioned at 30 m on a sliding microtome (Leica SM200R). One set of serial sections was first treated with 3% H 2 O 2 for 10 min and then blocked with 1% milk and 10% normal goat serum for 1 h at room temperature. Then the sections were incubated with anticalbindin antibody (1:30,000, Swant) overnight at 4°C. This was followed by incubation for 1 h at room temperature with biotinylated goat antirabbit antibody (1:500, Vector Laboratories) and then for another hour in avidin-biotin complex (Vectastain Elite ABC Kit, Vector Laboratories). Peroxidase activity was detected with 3,3Ј-diaminobenzidine and 0.036% H 2 O 2 in 100 mM Tris-HCl for 6 min at room temperature. Sections were mounted on slides and coverslipped using Vectashield HardSet mounting medium with DAPI (Vector Laboratories). Sections were imaged using a Nikon H600L microscope. Calbindin was quantified using ImageJ to measure staining intensity of the dentate gyrus and CA1. The ratio of dentate/ CA1 immunoreactivity was graphed .
qRT-PCR. RNA was isolated using TRIzol (Life Technologies). cDNA was made from RNA with the SuperScriptIII First Strand Synthesis System (Life Technologies). cDNAs were quantified using Bio-Rad iQ SYBER Green and primers sets, Kv4.2, 5Ј-TCTGTGCACTTACAATGAGCTGATT-3Ј and 5Ј-TGCATCCCCATGAGAAACACT-3Ј, GAPDH, 5Ј-GGGAAGCCCAT-CACCATCTT-3Ј, 5Ј-GCCTTCTCCATGGTGGTGAA-3Ј. Amplification was on the Roche LightCycler 480 and Kv4.2 mRNA was normalized to GAPDH mRNA. Calculations were done to achieve a dose of 75 mg/kg/d. Minipumps were primed for 24 h at 37°C. Then mice were anesthetized with 3% isoflurane, and the pumps were surgically implanted. After surgery, mice were given fluids and pain medicine and placed in a heated cage for recovery. Mice continued to be group-housed after surgery.
Behavioral assessment. All behavioral testing was conducted during the light cycle, at least 1 h after the lights came on. Mice were transferred to (2006) . The first pass (P1) activates voltage-gated potassium channels (recordings are performed under conditions that block sodium, calcium, and calcium-activated potassium channels, plus glutamate and GABA receptors). The second pass (P2) includes a depolarizing step to inactivate fast-inactivating (A-type) channels. The subtraction (P1-P2) represents I A , the fast-inactivating potassium current. Each pass includes two pulses to distinguish Kv1-and Kv4-mediated currents, which both contribute to I A . Kv4 currents recover from inactivation an order of magnitude more quickly than Kv1 currents, so the peak current after the second pulse represents Kv4-mediated current, when Kv1 has not yet recovered from inactivation. Thus, the peak recovery between the first and second pulses (arrow) in the P1-P2 subtraction trace represents Kv4-mediated I A . B, Subtraction (P1-P2) traces for NTG and hAPPJ20 mice, showing decreased Kv4-mediated I A (arrows). C, Quantification of data in B showing decreased Kv4-mediated I A in hAPPJ20 mice (N ϭ 11 cells per genotype; age 4 -5 months). **p Ͻ 0.01 (t test).
the testing room with dim lights and white noise for acclimation at least 1 h before experiments. Testing apparatuses were cleaned with 75% ethanol between experiments and disinfected with 2% chlorhexidine after experiments were finished each day. Investigators were blind to genotype. For elevated plus maze assessment, mice were placed in the center hub and allowed free access to explore the arms for 10 min (Med Associates). The apparatus was 1 m high with 2-inch-wide arms. Exploration of each arm was determined by the manufacturer's software. For open field assessment, mice were placed into a 40 cm ϫ 40 cm open field apparatus and allowed to explore for 10 min (Med Associates). Ambulatory distance and time were determined by the manufacturer's software.
EEG. For electroencephalography (EEG) experiments, mice were anesthetized with 2.5% isoflurane. Six small holes were drilled bilaterally through the cranium, ϳ2-2.5 mm posterior and lateral to bregma, ϳ4 mm posterior to bregma and 5 mm lateral to the midline, and ϳ6 mm posterior to bregma and 3-4 mm lateral to midline, using a dental drill with a 1 mm bit. Three 1.6 mm stainless steel screws (Small Parts) were screwed halfway into alternate holes. An EEG electrode (Plastics One) with 2 lead wires and a ground, cut to rest on the dura, were fitted into the remaining holes. The lead wires were placed bilaterally on the cortical surface of the parietal hemispheres in the cortical region over the underlying hippocampi. Once the wires were positioned, the electrode unit was stabilized with dental acrylic, and the scalp closed with skin glue (3M, Vetbond). This two-electrode system did not allow us to identify the anatomical origin of epileptic activity. One week after electrodes were placed, animals were housed individually in specially constructed EEG monitoring cages. EEG data were acquired at a sampling rate of 500 Hz using Biopac EEG100C amplifiers (Biopac Systems) and AcqKnowlege 4.2 EEG Acquisition and Reader Software (Biopac Systems). All data were manually analyzed in digital format by an experienced observer blinded to genotype. In addition, cages were equipped with IR Digital Color CCD cameras (Digimerge Technologies) to visually record animals concurrent with EEG acquisition. Video was acquired using security system hardware and software (L20WD800 Series, Lorex Technology) to compare EEG abnormalities with behavior. Spikes were defined as Ͻ200 ms in duration with amplitudes 5ϫ greater than baseline. The corresponding video of the animal was analyzed for associated behavior during abnormal events.
Statistical analysis. Data were analyzed using the statistical methods indicated in the figure legends (GraphPad, Prism 6). Error bars and Ϯ ranges indicate SEM.
Results
We first determined whether the dendrites in a mouse model of AD are hyperexcitable. Because of their electrotonic properties, accurately measuring dendritic excitability in neurons with large dendritic trees requires directly recording from the dendrites. We measured dendritic excitability in 3-month-old hAPPJ20 mice using patchclamp recordings from apical dendrites of CA1 pyramidal neurons, ϳ150 m from the soma. APs induced in the axon travel retrogradely into the dendrites depending on the excitabil- -5months, pϽ0.0001,ttest) .B,After18dofLEVtreatment,hAPPJ20miceshowednormalambulatory distance(ANOVA:hAPPϫtreatmentinteraction,pϽ0.05,**pϽ0.01onposthoctest).C,Representativeimagesofcalbindinimmunohistochemistry after 28 d of LEV treatment. D, Quantification of calbindin immunoreactivity after 28 d of LEV treatment, expressed as the ratio of DG to CA1 immunoreactivityasinPalopetal.(2011).hAPPJ20micetreatedwithLEVshowednormallevelsofcalbindin(ANOVA:hAPPϫtreatmentinterac-tion,pϽ0.05,**pϽ0.01onposthoctest;age5-6months).E,QuantificationofKv4.2afterLEVtreatmentfor28d.LEVblockedtheKv4.2depletion inthehAPPJ20mice.RepresentativeblotsandquantificationofKv4.2intheDGofhAPPJ20mice(ANOVA:hAPPeffect,pϽ0.05,**pϽ0.01onpost hoctest;age5-6months).
ity of dendritic membranes. The amplitude of these back-propagating dendritic APs provides a standard measure of dendritic excitability (Magee et al., 1998) .
Dendritic AP amplitude was increased by Ͼ50% in hAPPJ20 mice compared with wild-type controls (Fig. 1) , indicating dendritic hyperexcitability. To determine whether this hyperexcitability was a general property of the cell, we measured AP firing properties (AP onset, threshold, amplitude, half-width, AHP amplitude, and AP number) at the soma and found no differences (Table 1) . Thus, somatic excitability of hippocampal neurons in hAPPJ20 mice was unremarkable, whereas the dendrites were hyperexcitable, suggesting that AD-related neuronal hyperexcitability originates in dendrites.
We next probed the molecular mechanisms underlying dendritic hyperexcitability in hAPPJ20 mice. Structural changes were unlikely to underlie the effect, as hAPPJ20 have normal dendrites at this age (Moolman et al., 2004) , and we observed no changes in dendritic input resistance (211.2 Ϯ 18.9 M⍀ in nontransgenic [NTG] vs 219.6 Ϯ 47.2 M⍀ in hAPPJ20) or resting membrane potential (Ϫ66.0 Ϯ 1.0 in NTG vs Ϫ65.8 Ϯ 0.6 in hAPPJ20). Dendritic APs are regulated by several voltage-gated ion channels that are selectively expressed in dendrites (Jinno et al., 2005) . In hippocampal neurons, the primary dendritic ion channels regulating dendritic APs are Kv4.2 potassium channels and voltage-gated Na ϩ channels (Frick and Johnston, 2005) . Alterations in voltage-gated Na ϩ channel levels were unlikely to mediate the effect, as the maximal rate of dendritic AP rise, an indication of maximal Na ϩ conductance, was normal and a prior study had found no changes in voltage-gated Na ϩ channels in the hippocampus of hAPPJ20 mice (Verret et al., 2012) .
On the other hand, Kv4.2 levels were reduced in area CA1 of hAPPJ20 mice, an effect consistent with increased dendritic excitability ( Fig. 2A) . A similar pattern of Kv4.2 reduction was observed in the dentate gyrus (Fig. 2B) . This was not a generalized effect on dendritic ion channels, as total levels of HCN1 and HCN2 channels, which are also selectively expressed in dendrites, were unchanged ( Fig. 2A,B) . Levels of Kv4.2 mRNA were decreased in both CA1 and dentate (Fig. 2C) , indicating that Kv4.2 depletion occurs due to downregulation of gene expression. We next asked whether these changes were widespread in the brain. Kv4.2 levels were normal in several cortical regions (Fig. 2D) , suggesting hippocampal specificity. Finally, we determined whether similar changes were observed in other mouse models of AD, and found a similar decrease in Kv4.2 in the hippocampus of hAPPswe/PS1dE9 mice (Fig. 2E) .
Kv4.2 contributes to the rapidly inactivating A-type potassium current, I A . To determine whether the decrease in Kv4.2 levels was associated with a functional change in I A , we measured this current in dentate granule cells in NTG and hAPPJ20 mice, adapting previously published protocols to isolate the Kv4-mediated component of I A Rüschenschmidt et al., 2006) . Consistent with the biochemical data, the component of I A carried by Kv4.2 was decreased in hAPPJ20 mice (Fig. 3) .
To determine why Kv4.2 is depleted in hAPPJ20 mice, we considered factors known to influence Kv4.2 expression, including epileptiform activity and seizures (Tsaur et al., 1992; Pei et al., 1997; Bernard et al., 2004; Lugo et al., 2008; Aronica et al., 2009) , which occur in hAPPJ20 mice . To determine whether epileptiform activity contributes to Kv4.2 depletion, we used LEV, an antiepileptic drug that has been shown to reduce epileptiform activity and behavioral abnormalities in hAPPJ20 mice (Sanchez et al., 2012) . First, we pretested mice before LEV treatment to ensure that both saline and LEV-treated groups were comparable at baseline (Fig. 4A ). Mice were implanted with osmotic pumps and treated with saline or LEV for 28 d. We confirmed the prior findings of Sanchez et al. (2012) that LEV corrects behavioral abnormalities in hAPPJ20 mice (Fig. 4B ) and blocks calbindin depletion (Fig. 4C,D) , which serves as an indicator of epileptiform activity in hAPPJ20 mice . When we measured Kv4.2 levels, we found that LEV treatment blocked the Kv4.2 depletion in hAPPJ20 mice (Fig.  4E) . We conclude that epileptiform activity contributes to Kv4.2 depletion in hAPPJ20 mice.
Tau reduction protects against hyperexcitability and seizures in hAPP mice and other models Ittner et al., 2010; DeVos et al., 2013) , so we examined whether the changes in Kv4.2 and dendritic excitability were tau-dependent by crossing hAPPJ20 mice with Tau Ϫ/Ϫ mice. Using dendritic patch-clamp recordings on CA1 pyramidal neurons, we confirmed the increased dendritic excitability in hAPPJ20/Tau ϩ/ϩ mice (Fig. 5B) , which have normal tau levels and are genetically identical to the hAPPJ20 mice in Figure 1 . However, in hAPPJ20/Tau Ϫ/Ϫ mice, dendritic APs were normal (Fig. 5 A, B) , indicating that tau is required for the increase in dendritic excitability. Similarly, loss of Kv4.2 was observed in hAPPJ20/Tau ϩ/ϩ but not in hAPPJ20/ Tau Ϫ/Ϫ mice, both in area CA1 (Fig. 5C ) and in dentate (Fig. 5D ). Thus, tau is required for A␤-induced dendritic hyperexcitability and loss of Kv4.2.
If epileptiform activity drives the changes in Kv4.2 and dendritic excitability, these changes could be either part of a protective compensatory response or part of detrimental positive feedback loop. To determine whether loss of Kv4.2 is protective or detrimental in hAPP mice, we crossed Kv4.2-deficient mice with hAPPJ9 mice. hAPPJ9 mice express lower levels of the same hAPP minigene as the hAPPJ20 mice. hAPPJ9 mice show minimal deficits but are sensitized to A␤-induced dysfunction and are useful for testing hypotheses about exacerbating A␤ toxicity, as they avoid ceiling effects that could occur in crosses with hAPPJ20 mice (Mucke et al., 2000; Chin et al., 2005; Farris et al., 2007) . We predicted that if Kv4.2 depletion were detrimental, hAPPJ9/Kv4.2 Ϫ/Ϫ mice would have greater neuronal dysfunction than hAPPJ9/Kv4.2 ϩ/ϩ mice with normal Kv4.2 levels. Kv4.2 Ϫ/Ϫ mice have learning and memory deficits, even without crossing to hAPP mice, that would confound interpretation of the cross, so we focused on abnormalities in the open field and elevated plus maze. Consistent with the hypothesis that loss of Kv4.2 is detrimental, hAPPJ9/Kv4.2 Ϫ/Ϫ mice had increased exploratory activity and spent more time in the center of the open field, changes also seen in hAPP20 mice (Fig. 6 A, B) . We found that, in the elevated plus maze, hAPPJ9/Kv4.2 Ϫ/Ϫ mice had more total entrances and spent a higher percentage of their time in the open arms compared with hAPPJ9/ Kv4.2 ϩ/ϩ mice (Fig. 6C,D) . To determine whether Kv4.2 deficiency also exacerbated epileptiform activity in hAPPJ9 mice, we recorded EEGs and counted epileptiform spikes (Fig. 7) . We never observed any epileptiform spikes in NTG mice. Kv4.2 Ϫ/Ϫ mice had infrequent spikes, as did hAPPJ9 mice, which in 8 of 9 mice occurred at a frequency Ͻ1/h. The only group with a significant increase in epileptiform spiking was the hAPPJ9/ Kv4.2 Ϫ/Ϫ mice. We conclude that Kv4.2 deficiency exacerbates both electroencephalographic and behavioral abnormalities in hAPPJ9 mice.
Discussion
In this study, we asked whether AD-related neuronal hyperexcitability involves changes in dendritic excitability. We showed that A␤-induced hyperexcitability originates in the dendrites in hippocampal neurons and that dendritic hyperexcitability is associated with reduction in the level of Kv4.2 potassium channels. Tau is required for both the decrease in Kv4.2 and the increase in dendritic hyperexcitability. Our data suggest a feedback loop in which Kv4.2 depletion increases excitability and epileptiform activity, which in turn contributes to further reduction in Kv4.2. Loss of Kv4.2 is detrimental and exacerbates deficits in mice expressing hAPP/A␤. This is, to our knowledge, the first direct evidence of dendritic hyperexcitability in a model of AD. The ability to patch and directly record from dendrites was critical in this study as dendritic excitability cannot be evaluated using conventional whole-cell patch-clamp or extracellular field recordings because of the electrotonic filtering of dendritic events recorded at the soma.
Kv4.2 is predominantly localized to distal dendrites (Jinno et al., 2005) and has a hyperpolarizing current, so its activation dampens back propagation of APs and dendritic excitability (Yuan et al., 2005; Andrásfalvy et al., 2008) . Regulation of the timing of synaptic signals and back-propagating dendritic APs is critical for a form of synaptic plasticity called spike timing-dependent plasticity (Ramakers and Storm, 2002; Kim et al., 2005) . Regulation of spike timingdependent plasticity by Kv4.2 affects induction of LTP at active synapses (Watanabe et al., 2002; . Kv4.2 knock-out mice, which have increased dendritic APs, have impaired learning and memory (Lugo et al., 2012) . Thus, lower levels of Kv4.2 in the hippocampus of hAPPJ20 mice might contribute to learning and memory deficits.
To assess the consequences of reduced Kv4.2 levels and increased dendritic excitability on behavior in AD models, we crossed hAPP Ϫ/Ϫ mice showed increased time in the center, an abnormalityseeninhAPPJ20mice(ANOVA:Kv4.2effect,pϽ0.01;*pϽ0.05and**pϽ0.01onposthoctest;age5-7months).C,Inthe elevated plus maze, hAPPJ9/Kv4.2 Ϫ/Ϫ mice showed increased total entrances, an abnormality seen in hAPPJ20 mice (ANOVA: Kv4.2 effect, p Ͻ 0.0001; **p Ͻ 0.01 and ***p Ͻ 0.001 on post hoc test; age 5-7 months). D, In elevated plus maze, hAPPJ9/Kv4.2 Ϫ/Ϫ mice showed increased time in the open arms, an abnormality seen in hAPPJ20 mice (ANOVA: hAPP effect p Ͻ 0.0001; Kv4.2 effect p Ͻ 0.001; **p Ͻ 0.01 and ***p Ͻ 0.001 on post hoc test; age 5-7 months). mice with Kv4.2 Ϫ/Ϫ mice and found that loss of Kv4.2 exacerbated hAPP/A␤-induced behavioral deficits. The complete deficiency of Kv4.2 in Kv4.2 Ϫ/Ϫ mice obviously represents a larger change in Kv4.2 than the loss we observed in hAPP mice (Fig. 2) , and the absence of Kv4.2 is constitutive, not acquired, which are caveats to the interpretation of these data. However, the increase in dendritic excitability we observed in hAPPJ20 mice, measured by amplitude of dendritic AP, is of similar magnitude to that observed in Kv4.2 Ϫ/Ϫ mice (compare Fig. 1 with their Fig. 4 ). This suggests either a ceiling effect, whereby even relatively small changes in Kv4.2 produce large effects on dendritic AP amplitude, or a more pronounced effect of acquired (vs. constitutive) loss of Kv4.2 on dendritic excitability due to differences in compensatory mechanisms. Interestingly, modeling studies predict that even relatively small changes in I A , the current carried by Kv4.2, can result in large changes in back-propagating AP amplitude (Migliore et al., 1999) .
It is increasingly apparent that dendrites are a key site of AD pathophysiology. A␤ reduces dendritic complexity, induces spine loss, and causes aberrant dendritic signaling through its direct binding to dendritic receptors and downstream effectors (for review, see Cochran et al., 2014) . Our data show that Kv4.2 is a dendritic effector downstream of A␤ and that changes in excitability are likely an important aspect of dendritic changes in AD. Previous imaging studies showed increased levels of calcium in dendrites of hAPP mice, consistent with this increased dendritic excitability (Kuchibhotla et al., 2008) .
Tau is required for A␤-induced dysfunction, and tau reduction blocks the increased seizure susceptibility seen in hAPP mice Ittner et al., 2010) . Recent data suggest that tau is present in dendrites and that its dendritic localization is regulated by both A␤ and neuronal activity (Ittner et al., 2010; Zempel et al., 2013; Frandemiche et al., 2014) . Our finding that hAPPJ20 mice show tau-dependent dendritic hyperexcitability is consistent with the hypothesis that tau acts in the dendrites to increase excitability, contributing to AD pathophysiology. However, the data are also consistent with a more indirect role for tau in mediating dendritic hyperexcitability, as tau is required for the epileptiform activity in hAPPJ20 mice and thus tau reduction could prevent dendritic hyperexcitability through an antiepileptic effect that may or may not involve dendritically localized tau.
A recent study examined older APP/PS1 mice and found increased neuronal excitability along with dendritic simplification, and used computational modeling to predict that changes in dendritic structure could produce neuronal hyperexcitability (Šišková et al., 2014) . This mechanism does not explain the dendritic hyperexcitability we observed. Dendritic arbors of hippocampal neurons in hAPPJ20 mice are normal at 3 months (Moolman et al., 2004) , the age at which we first detected increased excitability. Furthermore, there were no differences in input resistance in our dendritic patchclamp recordings in hAPPJ20 mice. Thus, the dendritic hyperexcitability we observed is likely due to functional changes in channels, including Kv4.2, rather than structural changes, although the dendritic simplification that occurs with aging (Moolman et al., 2004; Šišková et al., 2014) likely adds to these effects. The dendritic hyperexcitability we observed in hAPPJ20 mice is not likely to be related directly to amyloid plaques, as it was observed at 3 months; initial amyloid plaques form at ϳ4 months of age in hAPPJ20 mice. This is consistent with other observations indicating that A␤-induced hyperexcitability and behavioral deficits in hAPP mice do not correlate with plaques (Mucke et al., 2000; Busche et al., 2012) . Finally, the dendritic hyperexcitability we observed in hAPPJ20 mice cannot be explained by changes in synaptic inputs, such as inhibitory tone, as the recordings were performed in the presence of glutamate and GABA receptor blockers.
Dendritic abnormalities and hyperexcitability are increasingly being appreciated in CNS diseases, particularly those with cognitive impairment (Nestor and Hoffman, 2012) . In Fragile X syndrome, both misregulation of Kv4.2 (Gross et al., 2011; and improper dendritic arborization (Vetter et al., 2001 ) have been proposed to contribute to dendritic hyperexcitability and thus improper integration of synaptic signals (Brager and Johnston, 2014) . Mouse models of autism and Rett syndrome also show aberrant dendritic morphology (Nestor and Hoffman, 2012) . Finally, there is a strong association between traumatic brain injury and risk for Alzheimer's disease and, in the controlled cortical impact traumatic brain injury model, shows lower Kv4.2 levels and current in the hippocampus (Lei et al., 2012) , highlighting a point of possible mechanistic overlap.
Our data suggest that increased dendritic excitability may be an early event in AD pathophysiology. Additional studies should further explore the mechanisms underlying this increase, which could potentially be targeted therapeutically early in the course of AD. 
